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Abstract
Background/Aims: Sphingosine 1-phosphate (S1P) is considered as a key molecule regulating 
various cell functions including cell growth and death. It is produced by two sphingosine kinases 
(SK) denoted as SK-1 and SK-2. Whereas SK-1 has been extensively studied and has been 
appointed a role in promoting cell growth, the function of SK-2 is controversial, and both pro-
proliferative and pro-apoptotic functions have been suggested. In this study we investigated 
whether renal mesangial cells isolated from transgenic mice overexpressing the human Sphk2 
gene (hSK2-tg) showed an altered cell response towards growth-inducing and apoptotic 
stimuli. Methods: hSK2-tg mice were generated by using a Quick KnockinR strategy. Renal 
mesangial cells were isolated by a differential sieving method and further cultivated in vitro. 
Lipids were quantified by mass spectrometry. Protein expression was determined by Western 
blot analysis, cell proliferation was determined by 3H-thymidine incorporation, and apoptosis 
was determined by a DNA fragmentation ELISA. Results: We show here that kidneys and 
mesangial cells from hSK2-tg mice express the hSK2 as well as the endogenous mouse mSK2. 
hSK2 and mSK2 predominantly resided in the cytosol of quiescent transgenic cells. However, 
S1P accumulated strongly in the nucleus and only minimally in the cytosol of transgenic cells. 
Functionally, hSK2-tg cells proliferated less than control cells under normal growth conditions 
and were also more sensitive towards stress-induced apoptosis. On the molecular level, this 
was reflected by reduced ERK and Akt/PKB activation, and upon staurosporine treatment, by a 
sensitized mitochondrial pathway as manifested by reduced anti-apoptotic Bcl-XL expression 
and increased cleavage of caspase-9, downstream caspase-3 and PARP-1. Conclusion: 
Altogether, these data demonstrate that SK-2 exerts an antiproliferative and apoptosis-
sensitizing effect in renal mesangial cells which suggests that selective inhibitors of SK-2 may 
promote proliferation and reduce apoptosis and this may have impact on the outcome of 
proliferation-associated diseases such as mesangioproliferative glomerulonephritis.
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IntroductionSphingosine kinases (SK) catalyze the formation of sphingosine 1-phosphate (S1P) which has turned out as a key regulator of a variety of cell responses such as cell growth 
and survivial, cell differentiation, migration, and inflammatory reactions [1-4]. SKs are ubiquitously expressed and exist as two subtypes, SK-1 and SK-2, and each of at least two splice variants [1]. The physiological functions of all these forms are presently not clear. At least, accumulating reports now suggest a key function for SK-1 in cell proliferation and migration [5]. Thus, an upregulation of SK-1 mRNA and protein has been shown in several histotypes of tumors and various tumor-derived cell lines [6-9]. In line with this, recently developed inhibitors of SK-1 have proven to be effective in reducing tumor cell growth in vitro and tumor growth in mice [6, 10] although the specificity of the inhibitors for SK-1 compared to SK-2 is still not proven. The function of SK-2 is to date still controversial as either pro-apoptotic function or anti-apoptotic and pro-proliferative functions have been forwarded. SK-2 contains a BH3 domain which was shown to interact with Bcl-XL and thereby inhibit the anti-apoptotic potential of Bcl-XL consequently results in cell apoptosis [11]. Furthermore, the overexpression of SK-2 in various murine and human cell lines blocks DNA synthesis [12, 13] and this in turn was abrogated by mutation of the nuclear localization signal (NLS) of SK-2 [12]. These latter studies suggested that especially nuclear SK-2 acts anti-proliferative whereas growth factors, through phosphorylation of SK-2, allow translocation of the enzyme to the cytosol and ablate its antiproliferative action, allowing them to trigger cell cycle progression via other mechanisms. Furthermore, serum deprivation of human colon cancer cells resulted in an upregulation of SK-2 mRNA expression [14]. In contrast, it was reported that in breast cancer cells, extracellular signal-regulated kinase (ERK) can phosphorylate SK-2 [15] and thereby increases its activity and cell migration [16]. In line 
with this, a putative specific SK-2 inhibitor ABC294640 showed anti-tumor activity in vivo in a xenograft mouse model [17]. Due to these contradictory reports about the role of SK-2 in cell growth and death, further studies are needed to clarify the function of SK-2 which may also be different depending on the cell type.In this study, we have used mesangial cells isolated from mice that constitutively overexpresses the human SK-2 enzyme, and investigated the role of hSK2 overexpression on growth and death of mesangial cells. That transgenic cells showed reduced growth coupled to reduced ERK and Akt activation, and increased stress-induced apoptosis coupled to reduced expression of the anti-apoptotic Bcl-XL, and increased cleavage of the initiator caspase-9, the executer caspase-3 and PARP-1. These data strengthen the hypothesis of SK-2 as an antiproliferative and pro-apoptotic enzyme in renal mesangial cells, and suggest that selective inhibitors of SK-2 may have an impact on the outcome of proliferation-associated diseases such as mesangioproliferative glomerulonephritis.
Materials and Methods
Chemicals[6-3H]methyl-thymidine (specific activity: 20 Ci/mmol) was from American Radiolabeled Chemicals Inc. (St. Louis, MO, US); γ-[32P]-ATP (10 µCi/ 20 mM) was from PerkinElmer (Rodgau, Germany); the 
secondary antibodies, hyperfilm MP, and the enhanced chemiluminescence (ECL) reagents were from GE 
Health Care Systems GmbH (Freiburg, Germany); staurosporine, LPS, cycloheximide and the β-actin (clone 
AC-15) antibody were from Sigma Aldrich (Deisenhofen, Germany); TNFα was from PeproTech Inc. (Rocky 
Hill, NJ, US); antibodies against phospho-ERK1/2, phospho-Ser473-PKB/Akt (9271), total Akt/PKB (9272), PARP-1 (9542), caspase-3 (9662), Bcl-XL (2762), calreticulin (2891) and cleaved caspase-9 (9509) were 
from Cell Signaling (Frankfurt, Germany); lamin B (C-20, sc-6216) and GAPDH (sc-20357) antibodies were 
from Santa Cruz Biotechnology (Heidelberg, Germany); total ERK1 and ERK2 antibodies were generated as previously described [18]; polyclonal antibodies against mSK2 and hSK2 were generated as previously described [19]; the DNA fragmentation PLUS ELISA was from Roche Diagnostics (Mannheim, Germany); 
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the Nuclear Extraction Kit was from Abcam (Cambridge, U.K.); all cell culture nutrients were from Life Technologies (Karlsruhe, Germany).
Generation of a hSK2-Knockin mouse strainThe generation of this transgenic mouse strain was carried out by using the “Quick Knock-inTM” targeting vector of Genoway (Lyon, France) as previously described [19]. These mice carry a LoxP-STOP-LoxP cassette in front of the transgene, which prevents transgene transcription (hSK2-ctrl). By cross-breeding these mice 
with ubiquitous CRE recombinase expressing mice (Ella-CRE), the floxed STOP cassette is excised to allow hSK2 transgene expression (further denoted hSK2-tg). Breeding and generation of transgenic mice were 
approved by the local Ethics Committee for Animal Research and adhered to standard guidelines.
Cell culturingRenal mesangial cells were isolated from mice, characterized and cultivated as described [20]. Outgrown mesangial cells were subcultured and further used up to passage 16. Prior to stimulation, 
cells were incubated for 24 h with Dulbecco’s modified Eagle medium (DMEM) containing 1% FBS. hSK2 
overexpression was verified by Western blot analysis using a species-specific antibody against hSK2 which has no cross-reactivity with the endogenous mouse enzyme.
Cell stimulation and Western blot analysisStimulated cells were scraped into ice-cold lysis buffer and homogenized exactly as previously described [19]. Equal amounts of protein were separated by SDS-PAGE and transferred to a nitrocellulose 
membrane and subjected to Western blot analysis according to standard procedures.
[3H]thymidine incorporation2x 104 cells were plated per well of a 24-well plate and incubated in growth medium containing 0.2 
µCi/ml of [3H]methyl-thymidine. After different time periods, the medium was removed and cells were 
washed twice with PBS, and incubated with ice-cold 5% (w/v) trichloroacetic acid (TCA) for 30 min. Cells 
were washed twice with 5 % TCA and the DNA was solubilized in 1 M NaOH for 30 min at 37°C, and the 
radioactivity was counted in a β-counter.
DNA fragmentation assay
Cells in 96-well plates were stimulated as indicated and directly taken for detection of DNA 
fragmentation using a Cell Death detection ELISAPLUS according to the manufacturer’s instructions.
Nuclear extraction assay
Cells from two confluent 100-mm cell dishes were taken for a fractionation step into a nuclear and a cytosolic fraction using a nuclear extraction kit. Fractions were separated by SDS-PAGE, transferred to 
nitrocellulose membranes and subjected to Western blot analysis using antibodies as indicated in the figure legends.
SK-2 activity assay
In vitro SK-2 activity was assayed exactly as described [7, 21] by using 10 µg of protein lysates. Lipids were separated by thin layer chromatography and radioactivity incorporated into S1P was analysed by an Imaging system (Fuji, Düsseldorf, Germany).
Sphingolipid quantification by LC-MS/MS
Fractionated cytosolic (Cyt) and nuclear (Nuc) samples were scraped into methanol containing 
internal C17-ceramide, C17-sphingosine and C17-S1P standards and subjected to lipid extraction and LC/
MS/MS analysis as previously described  [22].
Statistical analysisStatistical analysis was performed by one way analysis of variance (ANOVA). For multiple comparisons 
with the same control group, the limit of significance was divided by the number of comparisons according to Bonferroni.
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Results
In our previous studies using renal mesangial cells isolated from SK-2 gene deficient mice, we observed an increased proliferative phenotype and a protection from stress-induced apoptosis when compared to wildtype cells [23]. Therefore, in this study, we aimed in investigating whether a systemic overexpression of SK-2 in mice would lead to an opposite 
cellular phenotype, i.e. increased apoptosis and/or less proliferation.By using the “Quick Knock-in” strategy of Genoway (Lyon, France), a transgene mouse strain was generated that overexpresses the human SK-2 (hSK2) gene under the control of a 
CAG promoter followed by a LoxP-STOP-LoxP cassette. This transgene mouse strain, denoted hSK2-ctrl does not overexpress hSK2 due to the incorporated STOP cassette. However, when 
mice were cross-bred with Cre-expressing mice, this STOP cassette is excised allowing activation of the hSK2 transgene expression (furtheron hSK2-tg).To characterize the overexpression of hSK2 and compare it to the endogenous mSK2, 
we used two species-specific antibodies, one against the C-terminal sequence of mouse SK-2 and one against the N-terminal sequence of human SK-2 [19]. The specificities of these 
antibodies were confirmed in protein lysates of hSK-2 overexpressed HEK293 cells, human mesangial cells, rat mesangial cells and mouse mesangial cells either isolated from wildtype 
C57BL6 mice, SK-1 knockout or SK-2 knockout mice. As shown in Fig. 1, the hSK-2 antibody only detected the human enzyme at 66 kDa when overexpressed in HEK293 cells. No band was seen in lysates of human mesangial cells suggesting very low protein expression levels. Neither rat nor mouse SK-2 were detected with the hSK2 antibody. On the opposite, the mSK2 antibody did not detect the human enzyme but did detect rat and mouse SK-2 (Fig. 1). Therefore, these two antibodies can be used to discriminate between the transgenic hSK2 
and the endogenous mSK2 expressions in Western blot analyses.Kidneys and primary cultures of renal mesangial cells, isolated from wildtype or control transgenic mice (hSK2-ctrl) or mice with an active hSK2 transgene (hSK2-tg), were 
characterized by Western blot analysis showing that only in the active hSK2 transgenic mice, hSK2 is detected in both kidneys (Fig. 2A) and isolated renal mesangial cells (Fig. 2B). mSK2 was detected in all mice but was slightly reduced when hSK2 was overexpressed (Fig. 2A and B), suggesting some compensatory effect.To investigate the subcellular localization of SK-2 in mouse mesangial cells, the nuclear fraction was separated 
from the remaining cytosol/particulate fraction (referred to as cytosol) by using a nuclear extraction kit. Notably, the 
remaining cytosol/particulate fraction also includes subcellular organelles such as the ER as shown by positive staining for the ER marker 
calreticulin (Fig. 3A). Western blot analysis of these fractions revealed that in the hSK2-tg cells, hSK2 is predominantly localized in the cytosol with only a small amount in the nucleus (Fig. 3A). A similar distribution 
1
Fig. 1 
Fig. 1. Characterization of the species specificities of mSK-2 and hSK-2 antibodies in mesangial cells. Untransfected HEK293 
cells (Co), or HEK293 cells overexpressing hSK-2 (SK2+), human 
(hMC), rat (rMC), and mouse mesangial (mMC) cells isolated from 
C57BL/6 mice (Wt), SK-1 deficient mice (SK1-) and SK-2 deficient mice (SK2-) were taken for protein extraction and separation, 
and subjected to Western blot analysis using antibodies against 
mSK-2 (EP031426; dilution 1:1000) (lower panel) or hSK-2 (#66; 
dilution 1:1000, upper panel). Bands were visualized by the ECL method according to the manufacturer’s instruction.
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was found for the endogenous mSK2 (Fig. 3A). Nuclear and cytosolic fractions were also taken for a SK-2 activity assay to see whether total SK-2 enzyme activity was increased in hSK2-tg cells. Indeed, as shown in Fig. 3B, the cytosolic fraction of hSK2-tg cells showed a several fold increase of SK-2 activity compared to hSK2-ctrl cells, whereas nuclear SK-2 activity did not change (Fig. 3B). To see whether transgenic cells have altered sphingolipid levels, S1P, sphingosine 
and C16-ceramide were quantified by mass spectrometry. hSK2-tg cells had 
significantly increased S1P in the cytosol, and even more pronounced in the nucleus when compared to the control cells (Fig. 
3C). Sphingosine was also markedly increased in the nuclear fraction and moderately in the cytosol of transgenic 
cells whereas C16-ceramide was not 
altered (Fig. 3C).In a further attempt to study the effect of hSK2 overexpression on mesangial cells behaviour, incorporation of [3H]thymidine into DNA was analysed. As shown in Fig. 4A, hSK2-tg cells 
proliferated significantly less than control cells and wildtype cells. hSK2-tg cells also showed reduced levels of phosphorylated 
ERK1/2 (Fig. 4B) and Akt/PKB (Fig. 
4C) which are two signalling pathways tightly coupled to proliferation. Next, apoptosis of cells was measured by a DNA fragmentation ELISA. Apoptosis was induced by various stimuli such as staurosporine, a combined treatment 
of TNFα plus cycloheximide (TNFα/CHX) or LPS/CHX. Remarkably, hSK2 transgenic cells were more sensitive to all the tested stimuli (Fig. 5A and B) but it was most pronounced for staurosporine. On the molecular level, the increased apoptosis seen in hSK2-tg cells upon 
staurosporine treatment was detected by an increased PARP-1 cleavage (Fig. 5C), and by increased caspase-3 cleavage (Fig. 5D).As apoptosis can occur through two main pathways, either through an extrinsic receptor-mediated one, or an intrinsic pathway involving mitochondria, which both culminate in the activation of the main executioner caspase-3, we further investigated whether the mitochondrial pathway including apoptosome protein complex formation and caspase-9 activation is involved. Notably, SK-2 was previously reported to act pro-apoptotic due to interaction with the survival factor Bcl-XL [11] and our previous data on 
SK-2 deficient mesangial cells had revealed an upregulation of Bcl-XL which coincides with reduced stress-induced apoptosis [24]. We therefore tested here whether Bcl-XL was altered in hSK2-tg cells. As seen in Fig. 5E, basal Bcl-XL protein expression was not changed by the sole overexpression of hSK2. Bcl-XL appears as a double band because of deamidation of two amino acids Asn52 and Asn65 into Asp. Thus, the most upper band represents the double deamidated form, which is the only form that is functionally characterized [25]. In mesangial 
2
Fig. 2
Fig. 2. Characterization of kidneys and isolated mesangial cells of hSK2-tg mice for transgene and endogenous SK-2 protein expression. Protein lysates of kidneys (A) and isolated mouse mesangial cells (B) 
from wildtype mice (Wt), hSK2–ctrl mice (expressing 
no Cre recombinase, -Cre), and hSK2-tg mice (hSK2tg, 
expressing Cre recombinase, +Cre), were separated by 
SDS-PAGE and subjected to Western blot analysis using antibodies against human SK-2 (hSK2, upper panels), mSK-2 (middle panels) and GAPDH (lower panels). Data show a representative blot from four (A) and three (B) mice for each group.
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cells treated with staurosporine, all Bcl-XL protein is rendered deamidated and in addition, total protein is reduced consistent with previous studies in other cell types that staurosporine downregulates the antiapoptotic factor Bcl-XL [26]. In hSK2-tg staurosporine-treated cells, the total Bcl-XL is further downregulated (Fig. 5E).Downstream factors coupled to Bcl-XL are Apaf-1 and the initiator caspase-9 [27]. In hSK2-tg cells, there was an increased basal cleavage of caspase-9 when compared to control cells, but staurosporine strongly induced the cleavage of caspase-9 which again, was several fold increased in hSK2-tg cells than in control cells (Fig. 5E).
DiscussionIn this study we have used a transgenic mouse strain, which systemically overexpresses 
hSK2, in order to clarify the function of SK-2 which is so far rather controversial. We show here that renal mesangial cells isolated from these hSK2-tg mice have an anti-proliferative 
3
Fig. 3
Fig. 3. Subcellular localization of hSK2 and mSK2, SK-2 activity and sphingolipid levels in transgenic mouse mesangial cells. (A) Nuclear and cytosolic fractions were prepared from control cells (hSK2-ctrl) and hSK2-tg cells as described in the Methods Section. Equal amounts of protein were separated by SDS-
PAGE, transferred to nitrocellulose and subjected to Western blot analysis using antibodies against hSK2 (for transgene detection), mSK2 (for endogenous enzyme detection), mSK-1, lamin B (for nuclear fraction detection), GAPDH (for cytosolic fraction detection) and calreticulin (for ER detection). Blot shows a representative experiment in duplicates. (B) Nuclear and cytosolic fractions were prepared from hSK-2-ctrl cells and hSK2-tg cells and equal amounts of protein were taken for a SK-2 activity assay as described 
in the Methods Section. Data are expressed as % of control cytosolic activity and are means ± S.D. (n=4), ***p<0.001 considered statistically significant when compared to hSK2-ctrl cytosolic values. (C) Cytosolic 
(Cyt) and nuclear (Nuc) fractions were taken for lipid extraction and mass spectrometric analysis of S1P, 
sphingosine (Sph) and C16-ceramide (Cer) as described in the Methods Section. Data are expressed as ng per 106 cells, and are means ± S.D. (n=3), **p<0.01, ***p<0.001 considered statistically significant when compared to the hSK2-tg cytosolic samples, §p<0.05 compared to hSK2-ctrl cytosolic samples; ##p<0.01, 
###p<0.001 compared to hSK2-ctrl nuclear samples.
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Fig. 5. Effect of hSK2 overexpression on DNA fragmentation, PARP cleavage, caspase-3 cleavage, Bcl-XL expression and caspase-9 cleavage in mouse mesangial cells (A)Quiescent mouse mesangial cells isolated from hSK2-ctrl mice or hSK2-tg mice were treated for 6 h with either vehicle (-) or 10nM 
staurosporine (stauro, +). (B) Cells were treated for 6 h with either vehicle (-), 
cycloheximide (CHX, 10µM) plus TNFα 
(2nM), or CHX plus LPS (100ng/ml). Thereafter, cells were taken for a DNA fragmentation ELISA as described in the Methods Section. Data are expressed 
as % of control and are means ± S.D. 
(n=4 (A) or 6 (B)), *p<0.05, ***p<0.001 
considered statistically significant when compared to the respective vehicle-treated controls, #p<0.05, ###p<0.001 compared to hSK2-ctrl stauro (A) 
or hSK2-ctrl TNF/CHX (B) samples, §§§p<0.001 compared to hSK2-ctrl LPS/
CHX samples.(C-F) Quiescent hSK2-ctrl 
cells and hSK2-tg cells were incubated for 6 h in either vehicle (-) or 10nM staurostorine (+). Thereafter, cell 
lysates were separated by SDS-PAGE, transferred to nitrocellulose and subjected to Western blot analysis 
using antibodies against PARP (C), caspase-3 (D), Bcl-XL (E), and cleaved caspase-9 (E). β-actin (all lower 
panels) was used to verify equal loading. Bands were visualized by the ECL method. Results in C-E show representative blots of three independent experiments performed in duplicates.
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Fig. 4. Effect of hSK2 overexpression on cell proliferation (A), ERK (B) and Akt 
(C) phosphorylation in mouse mesangial cells. (A)2x 104 mouse mesangial cells 
from either wildtype C57BL/6 mice 
(Wt), hSK2-ctrl mice or hSK2-tg mice were seeded and grown for the indicated time periods in growth medium supplemented with [3H]thymidine and thereafter processed as described in the Methods Section. Data are expressed 
as % of controls and are means ± S.D. 
(n=3). *p<0.05, ***p<0.001 considered 
statistically significant when compared 
to the respective Wt values. (B and C) 
Confluent and quiescent hSK2-ctrl cells and hSK2-tg cells were taken for protein extraction and separation, and subjected 
to Western blot analysis using antibodies 
against phospho-ERK1/2 (B, inset, upper panel) and total ERK1/2 (B, inset, lower panel), and phospho-Ser473-Akt/PKB (C, inset, upper panel) and total Akt/PKB (C, inset, lower panel). Bands were visualized by 
the ECL method and densitometrically evaluated. Data are expressed as % of controls and are means ± S.D. 
(n=4), *p<0.05 considered statistically significant when compared to the hSK2-ctrl values.
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phenotype. They grow slower in culture and are more sensitive to stress-induced apoptosis. Previously, we showed that a genetic knockout of SK-2 in mice led to an increased proliferative phenotype of mesangial cells in culture [23] and to a protection from stress-induced apoptosis of mesangial cells [24].These data are in agreement with the previous report of Spiegel and coworkers [11] which showed that SK-2 possesses a BH3 domain which interacts with the Bcl-XL survival factor and, by this physical interaction, traps Bcl-XL and allows execution of apoptosis. By mutation of the BH3 domain, the pro-apoptotic effect of SK-2 was abolished [11]. In addition, SK-2 knockout mice showed an enhanced development of colitis-associated tumors which was explained by a compensatory upregulation of SK-1 and consequently, increased serum and colon S1P levels [28]. Our data are also in agreement with Igarashi et al [12]. and Okada et al [13]. who showed an anti-proliferative action of overexpressed SK-2 in cells.In contrast, others have rather proposed an opposite function for SK-2, i.e. in promoting proliferation. Most of these studies of SK-2 however relied on one single putative SK-2 
inhibitor, ABC294640, which was forwarded as being selective and specific [17].  Notably, the in vitro characterization of the inhibitor revealed a rather high IC50 value of 60 µM [17]. This inhibitor was reported to reduce plasma S1P levels and even more importantly, tumor tissue S1P levels in xenograft models [29]. Using this inhibitor in various tumor xenograft models revealed a great tumor reducing effect [17, 29-31]. However, as always with such 
compounds, unspecific effects on other targets, which could contribute to the observed therapeutic effects in those cancer models, must be considered. In this view, it was shown 
that ABC294640 can directly block the estrogen receptor thus giving a possible explanation 
why estrogen-dependent breast cancer cells, such as MCF7, were especially sensitive to the 
inhibitor. In addition, our previous data in mouse mesangial cells revealed that ABC294640 reduced DNA synthesis equally well in wildtype cells and in SK-2 knockout cells thus clearly 
demonstrating an unspecific effect independent of SK-2 [23]. Despite these emerging off-
target effects of ABC294640, the compound was taken into a combined clinical phase I and 
IIa trial in patients with refractory/relapsed diffuse large B cell lymphoma (DLBCL).Very recently, more potent SK-2 inhibitors were synthesized such as K145 [32], and 
pyrrolidyl guanidine compounds SLC5111312 and SLM6081442 [33]. Interestingly, application of these latter pyrrolidyl guanidine compounds to mice caused an increase 
of plasma S1P levels and this fits well to the situation of SK-2 knockout mice which also show enhanced plasma S1P levels [34]. The increased plasma S1P was explained with a dysregulated removal of plasma S1P that is mediated by SK-2 although mechanistically still unclear [33]. These novel series of SK-2 inhibitors will certainly need to be tested in tumor 
models to support the results obtained with the first generation compound ABC294640.In an attempt to explain the controversial results of SK-2 on proliferation and apoptosis of cancer cells, Neubauer et al. proposed that the amount of SK-2 expression determines the cellular outcome [35]. This was based on studies performed in an inducible overexpression system where high-level overexpression of SK-2 in HEK293 cells (> 200-fold) reduced cell proliferation and survival, whereas low-level overexpression of SK-2 (in the range of 2-8-fold) promoted cell survival and proliferation [35]. Differences between the low- and high-SK-2 cells were found in the levels of ceramide subspecies and the subcellular localization of SK-2. Only high-SK-2 cells showed an increase of certain long-chain ceramide subspecies which may contribute to the apoptotic phenotype. Additionally, high-SK-2 cells express the enzyme mainly in the nucleus whereas low-SK-2 cells express the enzyme mainly in the cytosol and at the plasma membrane. The authors also showed that a modest (2.5-fold) upregulation of SK-2 occurs in a broad range of cancers which led them to suggest that indeed, inhibition of SK-2 may have an anti-cancer potential [35].Interestingly, in our study we also detected a predominant expression of hSK2 protein 
in the cytosol/particulate fraction of transgenic cells (Fig. 3A), which coincided with an increased SK-2 activity (Fig. 3B). However, on the level of lipids, S1P, although being 
significantly increased in the cytosolic fraction, accumulated even more strongly in the 
nucleus (Fig. 3C), suggesting that there may by a transport of cytosolic S1P to the nucleus. In 
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this view, it was recently reported by Ihlefeld et al [36]. that in S1P lyase knockout fibroblasts, S1P also accumulated in the nucleus although the primary site of S1P accumulation is at the ER. Furthermore, it was shown by Maceyka et al [37]. that SK-2, especially after serum starvation of cells, is localized at internal membranes including the ER, and mediates a pro-apoptotic response. Interestingly, when SK-1 was genetically mutated to target the ER, SK-1-derived S1P also mediated increased apoptosis. Thus, these authors concluded that the site of S1P generation, notably at the ER, is important for a pro-apoptotic effect. Additionally, it was reported that also in cerebellar granule cells, especially S1P generated by SK-2 exerted an apoptotic effect [38]. In our study, we have approached whether the nuclear accumulation of S1P and sphingosine, and the very high level of ceramide, may be due to a 
major contamination of purified nuclei with ER. Notably, the ER and the nuclear envelop are 
coupled by a common lipid monolayer being continuous from the nucleus to the ER. We found 
that the ER marker calreticulin predominantly stained positive in the cytosolic/particulate 
fraction, with only a minor band (<10%) in the nuclear fraction (Fig. 3A). However, we 
cannot definitely exclude that certain ER lipids remain at the nucleus during the extraction procedure whereas calreticulin may stay at the main ER body.
The function of SK-2 in proliferation and apoptosis may also be tissue- and cell-specific. In this view, a recent study on dengue virus-induced liver injury showed that SK-2 is a critical mediator of dengue virus-induced apoptosis of hepatic cells. Downregulating SK-2 by siRNA in various hepatic cell lines, reduced dengue virus-induced caspase-9 and the intrinsic pathway of apoptosis without affecting the extrinsic pathway [39]. This study revealed the same apoptotic pathway to be affected by SK-2 as found in our study on renal mesangial cells.Mesangial cell proliferation and apoptosis are both important events in the course of mesangioproliferative glomerulonephritis. Mesangial cell apoptosis is a very early and acute event in the disease being triggered by factors released by invaded immune cells. It is hypothesized that during this lytic phase, mesangial cells start to release factors, including mitogens like PDGF and ATP [40-42], [18] that in turn promote proliferation. This then propels the disease into the hyperproliferative phase. Thus, it is presently unclear whether therapeutic approaches to reduce apoptosis or rather to reduce proliferation are 
more favourable to treat the disease. It may be assumed that the first step in the disease, i.e. apoptosis of mesangial cells, is the more important step to prevent the sequelae of the disease. In that case, knowing that loss or inhibition of SK-2 protects from apoptosis, it is 
tempting to speculate that inhibition of SK-2 may have a beneficial effect in the disease 
course. Certainly, further studies are needed to unravel the impact of SK-2 and its inhibition 
in vivo for chronic inflammatory and proliferative kidney diseases.
In this view, it was recently reported that SK-2-deficient mice are protected from folic 
acid-, unilateral ischemia/reperfusion, and unilateral ureter obstruction (UUO)-induced 
kidney injury and subsequent interstitial fibrosis [19, 43]. In the case of folic acid-induced 
interstitial fibrosis, the protective effect of SK-2 knockout was mechanistically due to 
increased interferon-γ production by infiltrating immune cells [43]. Interestingly, these 
authors also showed that SK-2-deficient splenic T lymphocytes were hyperproliferative and 
as a consequence produced more interferon-γ [43]. These data are evocative of our previous 
study showing that SK-2-deficient renal mesangial cells are also hyperproliferative [23] 
and of the study of Liang and colleagues showing that SK-2-deficient mice develop more severe colitis and colitis-associated colon cancer [28]. In both of these studies, the authors argued that loss of SK-2 leads to a compensatory upregulation of SK-1 with a concomitant production of S1P which may exert a mitogenic effect.In a complementary approach, hSK2-tg mice upon ureter ligation developed a more 
severe interstitial fibrosis with enhanced Smad2 and Smad3 activities and multiple fibrotic markers, but downregulated Smad7 [19]. It was speculated that sphingosine could be one of the regulators of Smad7 expression, but more detailed mechanistic studies were not performed.Notably, increased tubular apoptosis is a typical early feature in the UUO model [44, 45] and it is well possible that parts of the protection seen by loss of SK-2 is due to increased 
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tubular cell survival and vice versa, that the more severe fibrosis in hSK2-tg is due to accelerated tubular apoptosis.In summary, our data demonstrated a clear pro-apoptotic and anti-proliferative function of SK-2 in renal mesangial cells which may have impact on pathophysiological processes underlying proliferative kidney diseases.
AcknowledgementsThis work was supported by the Swiss National Science Foundation (310030-153346 
and 310030-175561/1) and the German Research Foundation (SFB1039; PF361/6-1). We thank Isolde Römer and Simone Albert for excellent technical assistance.
Disclosure Statement
The authors declare no conflicts of intersts.
References
1 Alemany R, van Koppen CJ, Danneberg K, Ter Braak M, Meyer Zu Heringdorf D: Regulation and functional 
roles of sphingosine kinases. Naunyn Schmiedebergs Arch Pharmacol 2007;374:413-428.
2 Huwiler A, Pfeilschifter J: New players on the center stage: sphingosine 1-phosphate and its receptors as 
drug targets. Biochem Pharmacol 2008;75:1893-1900.
3 Huwiler A, Pfeilschifter J: Altering the sphingosine-1-phosphate/ceramide balance: a promising approach 
for tumor therapy. Curr Pharm Des 2006;12:4625-4635.
4 Hait NC, Oskeritzian CA, Paugh SW, Milstien S, Spiegel S: Sphingosine kinases, sphingosine 1-phosphate, 
apoptosis and diseases. Biochim Biophys Acta 2006;1758:2016-2026.
5 Pyne NJ, Pyne S: Sphingosine 1-phosphate and cancer. Nat Rev Cancer 2010;10:489-503.
6 French KJ, Schrecengost RS, Lee BD, Zhuang Y, Smith SN, Eberly JL, Yun JK, Smith CD: Discovery and 
evaluation of inhibitors of human sphingosine kinase. Cancer Res 2003;63:5962-5969.
7 Doll F, Pfeilschifter J, Huwiler A: The epidermal growth factor stimulates sphingosine kinase-1 expression 
and activity in the human mammary carcinoma cell line MCF7. Biochim Biophys Acta 2005;1738:72-81.
8 Doll F, Pfeilschifter J, Huwiler A: Prolactin upregulates sphingosine kinase-1 expression and activity in 
the human breast cancer cell line MCF7 and triggers enhanced proliferation and migration. Endocr Relat 
Cancer 2007;14:325-335.9 Ruckhaberle E, Rody A, Engels K, Gaetje R, von Minckwitz G, Schiffmann S, Grosch S, Geisslinger G, Holtrich 
U, Karn T, Kaufmann M: Microarray analysis of altered sphingolipid metabolism reveals prognostic 
significance of sphingosine kinase 1 in breast cancer. Breast Cancer Res Treat 2008;112:41-52.
10 Newton J, Lima S, Maceyka M, Spiegel S: Revisiting the sphingolipid rheostat: Evolving concepts in cancer 
therapy. Exp Cell Res 2015;333:195-200.
11 Liu H, Toman RE, Goparaju SK, Maceyka M, Nava VE, Sankala H, Payne SG, Bektas M, Ishii I, Chun J, Milstien 
S, Spiegel S: Sphingosine kinase type 2 is a putative BH3-only protein that induces apoptosis. J Biol Chem 
2003;278:40330-40336.
12 Igarashi N, Okada T, Hayashi S, Fujita T, Jahangeer S, Nakamura S: Sphingosine kinase 2 is a nuclear protein 
and inhibits DNA synthesis. J Biol Chem 2003;278:46832-46839.
13 Okada T, Ding G, Sonoda H, Kajimoto T, Haga Y, Khosrowbeygi A, Gao S, Miwa N, Jahangeer S, Nakamura S: Involvement of N-terminal-extended form of sphingosine kinase 2 in serum-dependent regulation of cell 
proliferation and apoptosis. J Biol Chem 2005;280:36318-36325.
14 Mizutani N, Omori Y, Tanaka K, Ito H, Takagi A, Kojima T, Nakatochi M, Ogiso H, Kawamoto Y, Nakamura 
M, Suzuki M, Kyogashima M, Tamiya-Koizumi K, Nozawa Y, Murate T: Increased SPHK2 Transcription of 
Human Colon Cancer Cells in Serum-Depleted Culture: The Involvement of CREB Transcription Factor. J Cell 
Biochem 2015;116:2227-2238.
Cell Physiol Biochem 2018;47:2522-2533
DOI: 10.1159/000491625
Published online: July 10, 2018 2532
Cellular Physiology 
and Biochemistry
© 2018 The Author(s). Published by S. Karger AG, Basel
www.karger.com/cpb
Beyer et al. : SK-2 Overexpression Sensitizes Mesangial Cells to Apoptosis
15 Hait NC, Sarkar S, Le Stunff H, Mikami A, Maceyka M, Milstien S, Spiegel S: Role of sphingosine kinase 2 in 
cell migration toward epidermal growth factor. J Biol Chem 2005;280:29462-29469.
16 Hait NC, Bellamy A, Milstien S, Kordula T, Spiegel S: Sphingosine kinase type 2 activation by ERK-mediated 
phosphorylation. J Biol Chem 2007;282:12058-12065.
17 French KJ, Zhuang Y, Maines LW, Gao P, Wang W, Beljanski V, Upson JJ, Green CL, Keller SN, Smith CD: 
Pharmacology and antitumor activity of ABC294640, a selective inhibitor of sphingosine kinase-2. J 
Pharmacol Exp Ther 2010;333:129-139.
18 Huwiler A, Pfeilschifter J: Stimulation by extracellular ATP and UTP of the mitogen-activated protein kinase 
cascade and proliferation of rat renal mesangial cells. Br J Pharmacol 1994;113:1455-1463.19 Schwalm S, Beyer S, Frey H, Haceni R, Grammatikos G, Thomas D, Geisslinger G, Schaefer L, Huwiler A, 
Pfeilschifter J: Sphingosine Kinase-2 Deficiency Ameliorates Kidney Fibrosis by Up-Regulating Smad7 in a 
Mouse Model of Unilateral Ureteral Obstruction. Am J Pathol 2017;187:2413-2429.
20 Klawitter S, Hofmann LP, Pfeilschifter J, Huwiler A: Extracellular nucleotides induce migration of renal mesangial cells by upregulating sphingosine kinase-1 expression and activity. Br J Pharmacol 
2007;150:271-280.
21 Huwiler A, Doll F, Ren S, Klawitter S, Greening A, Romer I, Bubnova S, Reinsberg L, Pfeilschifter J: Histamine increases sphingosine kinase-1 expression and activity in the human arterial endothelial cell line EA.hy 
926 by a PKC-alpha-dependent mechanism. Biochim Biophys Acta 2006;1761:367-376.
22 Schmidt H, Schmidt R, Geisslinger G: LC-MS/MS-analysis of sphingosine-1-phosphate and related 
compounds in plasma samples. Prostaglandins Other Lipid Mediat 2006;81:162-170.
23 Schwalm S, Timcheva TM, Filipenko I, Ebadi M, Hofmann LP, Zangemeister-Wittke U, Pfeilschifter J, Huwiler 
A: Sphingosine kinase 2 deficiency increases proliferation and migration of renal mouse mesangial cells 
and fibroblasts. Biol Chem 2015;396:813-825.
24 Hofmann LP, Ren S, Schwalm S, Pfeilschifter J, Huwiler A: Sphingosine kinase 1 and 2 regulate the capacity 
of mesangial cells to resist apoptotic stimuli in an opposing manner. Biol Chem 2008;389:1399-1407.
25 Beaumatin F, El Dhaybi M, Lasserre JP, Salin B, Moyer MP, Verdier M, Manon S, Priault M: N52 monodeamidated BclxL shows impaired oncogenic properties in vivo and in vitro. Oncotarget 
2016;7:17129-17143.
26 Giuliano M, Bellavia G, Lauricella M, D’Anneo A, Vassallo B, Vento R, Tesoriere G: Staurosporine-induced 
apoptosis in Chang liver cells is associated with down-regulation of Bcl-2 and Bcl-XL. Int J Mol Med 
2004;13:565-571.
27 Wurstle ML, Laussmann MA, Rehm M: The central role of initiator caspase-9 in apoptosis signal 
transduction and the regulation of its activation and activity on the apoptosome. Exp Cell Res  
2012;318:1213-1220.
28 Liang J, Nagahashi M, Kim EY, Harikumar KB, Yamada A, Huang WC, Hait NC, Allegood JC, Price MM, Avni 
D, Takabe K, Kordula T, Milstien S, Spiegel S: Sphingosine-1-phosphate links persistent STAT3 activation, 
chronic intestinal inflammation, and development of colitis-associated cancer. Cancer Cell 2013;23:107-120.
29 Beljanski V, Lewis CS, Smith CD: Antitumor activity of sphingosine kinase 2 inhibitor ABC294640 and 
sorafenib in hepatocellular carcinoma xenografts. Cancer Biol Ther 2011;11:524-534.
30 Chumanevich AA, Poudyal D, Cui X, Davis T, Wood PA, Smith CD, Hofseth LJ: Suppression of colitis-
driven colon cancer in mice by a novel small molecule inhibitor of sphingosine kinase. Carcinogenesis 
2010;31:1787-1793.
31 Antoon JW, White MD, Meacham WD, Slaughter EM, Muir SE, Elliott S, Rhodes LV, Ashe HB, Wiese TE, Smith 
CD, Burow ME, Beckman BS: Antiestrogenic effects of the novel sphingosine kinase-2 inhibitor ABC294640. 
Endocrinology 2010;151:5124-5135.
32 Liu K, Guo TL, Hait NC, Allegood J, Parikh HI, Xu W, Kellogg GE, Grant S, Spiegel S, Zhang S: Biological characterization of 3-(2-amino-ethyl)-5-[3-(4-butoxyl-phenyl)-propylidene]-thiazolidine-2, 4-dione 
(K145) as a selective sphingosine kinase-2 inhibitor and anticancer agent. PLoS One 2013;8:e56471.
33 Kharel Y, Morris EA, Congdon MD, Thorpe SB, Tomsig JL, Santos WL, Lynch KR: Sphingosine Kinase 2 
Inhibition and Blood Sphingosine 1-Phosphate Levels. J Pharmacol Exp Ther 2015;355:23-31.
34 Zemann B, Kinzel B, Muller M, Reuschel R, Mechtcheriakova D, Urtz N, Bornancin F, Baumruker T, Billich A: 
Sphingosine kinase type 2 is essential for lymphopenia induced by the immunomodulatory drug FTY720. 
Blood 2006;107:1454-1458.
Cell Physiol Biochem 2018;47:2522-2533
DOI: 10.1159/000491625
Published online: July 10, 2018 2533
Cellular Physiology 
and Biochemistry
© 2018 The Author(s). Published by S. Karger AG, Basel
www.karger.com/cpb
Beyer et al. : SK-2 Overexpression Sensitizes Mesangial Cells to Apoptosis
35 Neubauer HA, Pham DH, Zebol JR, Moretti PA, Peterson AL, Leclercq TM, Chan H, Powell JA, Pitman MR, 
Samuel MS, Bonder CS, Creek DJ, Gliddon BL, Pitson SM: An oncogenic role for sphingosine kinase 2. 
Oncotarget 2016;7:64886-64899.
36 Ihlefeld K, Claas RF, Koch A, Pfeilschifter JM, Meyer Zu Heringdorf D: Evidence for a link between histone 
deacetylation and Ca(2)+ homoeostasis in sphingosine-1-phosphate lyase-deficient fibroblasts. Biochem J 
2012;447:457-464.
37 Maceyka M, Sankala H, Hait NC, Le Stunff H, Liu H, Toman R, Collier C, Zhang M, Satin LS, Merrill AH, 
Jr., Milstien S, Spiegel S: SphK1 and SphK2, sphingosine kinase isoenzymes with opposing functions in 
sphingolipid metabolism. J Biol Chem 2005;280:37118-37129.
38 Hagen N, Van Veldhoven PP, Proia RL, Park H, Merrill AH, Jr., van Echten-Deckert G: Subcellular origin 
of sphingosine 1-phosphate is essential for its toxic effect in lyase-deficient neurons. J Biol Chem 
2009;284:11346-11353.
39 Morchang A, Lee RCH, Yenchitsomanus PT, Sreekanth GP, Noisakran S, Chu JJH, Limjindaporn T: RNAi screen reveals a role of SPHK2 in dengue virus-mediated apoptosis in hepatic cell lines. PLoS One 
2017;12:e0188121.
40 Rost S, Daniel C, Schulze-Lohoff E, Baumert HG, Lambrecht G, Hugo C: P2 receptor antagonist PPADS inhibits mesangial cell proliferation in experimental mesangial proliferative glomerulonephritis. Kidney Int 
2002;62:1659-1671.
41 Floege J, Ostendorf T, Janssen U, Burg M, Radeke HH, Vargeese C, Gill SC, Green LS, Janjic N: Novel 
approach to specific growth factor inhibition in vivo: antagonism of platelet-derived growth factor in 
glomerulonephritis by aptamers. Am J Pathol 1999;154:169-179.
42 Johnson RJ, Raines EW, Floege J, Yoshimura A, Pritzl P, Alpers C, Ross R: Inhibition of mesangial cell proliferation and matrix expansion in glomerulonephritis in the rat by antibody to platelet-derived growth 
factor. J Exp Med 1992;175:1413-1416.
43 Bajwa A, Huang L, Kurmaeva E, Ye H, Dondeti KR, Chroscicki P, Foley LS, Balogun ZA, Alexander KJ, Park 
H, Lynch KR, Rosin DL, Okusa MD: Sphingosine Kinase 2 Deficiency Attenuates Kidney Fibrosis via IFN-
gamma. J Am Soc Nephrol 2017;28:1145-1161.
44 Miyajima A, Chen J, Lawrence C, Ledbetter S, Soslow RA, Stern J, Jha S, Pigato J, Lemer ML, Poppas DP, 
Vaughan ED, Felsen D: Antibody to transforming growth factor-beta ameliorates tubular apoptosis in 
unilateral ureteral obstruction. Kidney Int 2000;58:2301-2313.
45 Yuan J, Shen Y, Yang X, Xie Y, Lin X, Zeng W, Zhao Y, Tian M, Zha Y: Thymosin beta4 alleviates renal fibrosis 
and tubular cell apoptosis through TGF-beta pathway inhibition in UUO rat models. BMC Nephrol 
2017;18:314.
